DNA methyltransferase I (Dnmt1), the maintenance enzyme for DNA cytosine methylation, is expressed at high levels in the CNS during embryogenesis and after birth. Because embryos deficient for Dnmt1 die at gastrulation, the role of Dnmt1 in the development and function of the nervous system could not be studied by using this mutation. We therefore used the cre/loxP system to produce conditional mutants that lack Dnmt1 in neuroblasts of embryonic day 12 embryos or in postmitotic neurons of the postnatal animal. Conditional deletion of the Dnmt1 gene resulted in rapid depletion of Dnmt1 proteins, indicating that the enzyme in postmitotic neurons turns over quickly. Dnmt1 deficiency in postmitotic neurons neither affected levels of global DNA methylation nor influenced cell survival during postnatal life. In contrast, Dnmt1 deficiency in mitotic CNS precursor cells resulted in DNA hypomethylation in daughter cells. Whereas mutant embryos carrying 95% hypomethylated cells in the brain died immediately after birth because of respiratory distress, mosaic animals with 30% hypomethylated CNS cells were viable into adulthood. However, these mutant cells were eliminated quickly from the brain within 3 weeks of postnatal life. Thus, hypomethylated CNS neurons were impaired functionally and were selected against at postnatal stages.
DNA cytosine methylation in vertebrates influences many cellular events, including gene transcription, genomic imprinting, and genome stability (Jaenisch, 1997; Jones and Gonzalgo, 1997; . The DNA methylation pattern in adult cells is established during gametogenesis and early embryonic development via consecutive waves of demethylation and de novo methylation (Monk et al., 1987) . A family of DNA (cytosine-5) methyltransferases (Dnmts) has been identified that catalyzes the reaction of cytosine methylation in DNA (Bestor et al., 1988; Okano et al., 1998; Lyko et al., 1999; Okano et al., 1999) . The first cloned family member, Dnmt1, encodes a maintenance DNA methyltransferase (Dnmt1; EC 2.1.1.37) that preferentially methylates hemi-methylated DNA that is generated after DNA replication (Bestor et al., 1988) . The essential role of Dnmt1 in maintaining DNA methylation has been demonstrated by targeted mutation of the Dnmt1 gene, which results in demethylation of the DNA in Dnmt1-deficient cells (Li et al., 1992; Lei et al., 1996) . Dnmt1 mutant embryos die between embryonic day 8 (E8) and E10.5, indicating that DNA methylation is essential for embryogenesis (Li et al., 1992; Lei et al., 1996) . The cause of lethality is not clear, but Dnmt1-deficient embryos exhibit numerous apoptotic cells in many tissues, including brain and liver, suggesting that DNA hypomethylation ultimately may induce an apoptotic pathway (Li et al., 1992) . DNA methylation has been shown to play an essential role in the transcriptional regulation of imprinted genes (Li et al., 1993) , the X-chromosome-linked Xist gene (Beard et al., 1995; Panning and Jaenisch, 1996) , and retroviral intra-cisternal A particles (IAP) (Walsh et al., 1998) .
The role of DNA methylation in neural development and function has not been explored. Interestingly, the mammalian brain expresses high levels of Dnmt1 both during development and in adulthood (Goto et al., 1994; Brooks et al., 1996; Trasler et al., 1996; Inano et al., 2000) . The level of DNA methylation is higher in adult brain than in other tissues (Wilson et al., 1987; Tawa et al., 1990; Ono et al., 1993) . Perinatally, DNA methylation levels in the brain undergo a dynamic change (Tawa et al., 1990) , suggesting a role for DNA methylation in the differentiation process of the brain. Further evidence comes from a study of neuronal differentiation in PC12 cells that showed that treatment with a demethylating agent 5-azacytidine blocks neurite outgrowth and upregulates the expression of Id family transcription factors Kilpatrick, 1996, 1997) . Recently, DNA methylation has been associated with at least three mental retardation diseases, including the Rett, ICF, and the fragile X syndromes (for review, see . The neurodevelopmental disease Rett syndrome is caused by mutations in the MECP2 gene, a methylcytosine-binding protein (Amir et al., 1999) . Because a major function of the MECP2 protein is to mediate methylation-induced gene suppression (Ng and Bird, 1999) , the adverse effect of MECP2 mutations on brain development suggests that changes in DNA methylation also may affect the postnatal CNS development. Endres et al. (2000) showed that DNA methylation activity increases with transient ischemia and contributes to brain injury, suggesting that levels of DNA methylation influence adult CNS neuron survival under stress conditions. Dnmt1-deficient embryos die around midgestation before neuronal differentiation (Li et al., 1992; Lei et al., 1996) , precluding the study of DNA methylation in brain development. We therefore used the cre/loxP binary system to produce conditional knock-out mice in which the Dnmt1 gene deletion can be achieved in either brain precursor cells at E9 -E12 or in postnatal CNS neurons that have exited the cell cycle. We demonstrated that, although Dnmt1 is dispensable for postmitotic neurons, Dnmt1 deficiency in brain precursor cells resulted in significant DNA hypomethylation in progeny cells, including descendant postmitotic neurons. Mutant mice carrying 95% of hypomethylated cells in the CNS died because of respiratory distress, suggesting that DNA hypomethylation perturbs vital CNS functions that are required for postnatal life. Mutant mice with 30% of hypomethylated cells survived into adulthood; however, these hypomethylated cells were eliminated rapidly from the CNS during early postnatal development.
MATERIALS AND METHODS
Brain-specific Dnmt1 conditional mutant mice. We used the cre/loxP binary system to generate Dnmt1 conditional mutants. Details of generating the Dnmt1 conditional allele (Dnmt1 2lox ) are reported elsewhere (JacksonGrusby et al., 2000) . Briefly, in this line of mice exons 4 and 5 of the Dnmt1 gene were flanked by loxP sites. Cre-mediated deletion of exons 4 and 5 would lead to out-of-frame splicing from exon 3 to exon 6, resulting in a null Dnmt1 allele (Jackson-Grusby et al., 2000) . To achieve Dnmt1 gene deletion in CNS precursor cells in vivo, we crossed the animals carrying the Dnmt1 2lox conditional allele with the nestin-cre transgenic mice. The production of nestin-cre transgenic mice has been described previously (Bates et al., 1999; Trumpp et al., 1999) . For conditional gene deletion in postmitotic CNS neurons, we used the CamK-cre transgenic mice in which the cre expression is under the control of the neuronal calmodulin-kinase II␣ (CamK) promoter. We also characterized the distribution of cre-mediated gene deletion by crossing the CamK-cre and nestin-cre transgenic mice with the lacZ reporter strains as described by Akagi et al. (1997) and Soriano (1999) . Briefly, the brain sections from different stages of transgenic mice were processed for X-gal staining as described . The positive blue cells indicate places at which the cre-mediated loxP recombination occurred (see Fig. 3 in Results) (Akagi et al., 1997; Soriano, 1999) .
Some of the conditional mutants also carried the previously described Dnmt1 mutant N-and C -alleles (Dnmt1 N or C ), which represent Dnmt1 hypomorphic (ϳ2% Dnmt1 proteins) and null alleles, respectively (Li et al., 1992; Lei et al., 1996) . Southern blot analysis and PCR reactions were used for genotyping mice.
Southern and Northern blot anal ysis. DNA samples were extracted from brain tissues as previously described (Laird et al., 1991) . RNA samples were purified with an RNAzol reagent (Tel-Test, Friendswood, TX) according to the manufacturer's procedure. DNA or RNA samples were subjected to electrophoresis and transferred to a nylon membrane (Z etabond) . Hybridization of the blot was performed by the Quickhyb protocol (Stratagene, La Jolla, CA). Details of various DNA probes have been reported (T ucker et al., 1996; Jackson-Grusby et al., 2000) . PhosphorImager (Fuji, Tokyo, Japan) and densitometry (Bio-Rad, Hercules, CA) analysis of the intensity of Dnmt1 2lox and Dnmt1 1lox alleles was used to quantif y the efficiency of Dnmt1 gene deletion by the C amK-cre and nestin-cre transgenes.
Western blot anal ysis. Brain tissue lysates were separated by 7.5% SDS-PAGE gels, using a Bio-Rad minigel apparatus. One gel was stained with Coomassie blue to visualize whether the protein loading in each lane was even. A duplicate gel was blotted to a nylon membrane by electrotransfer for Western blotting. The procedure of Western blotting has been described (Fan and Katz, 1993) . Briefly, the membrane blot was blocked in 5% milk in Tris-buffered saline and incubated with Dnmt1 primary antibodies [Dnmt1 ATG4 Ab, the rabbit anti-N-terminal Dnmt1 peptide; Dnmt1 C -term Ab, chicken anti-Dnmt1 catalytic domain peptide; see Gaudet et al. (1998) for detailed information on the antibodies], followed by peroxidase-conjugated secondary antibodies, and was visualized with enhanced ECL reagents (Amersham, Arlington Heights, IL).
Histolog ical e xamination and T UNEL staining. Tissues dissected from mutant and control mice were fixed in 4% paraformaldehyde/ PBS overnight and embedded in OC T for frozen sections or processed with a V I P tissue processor (Miles, Elkhart, I N) for paraffin sectioning. Serial sections were stained with hematoxylin /eosin or cresyl violet for light microscopy. For cell death analysis the TUNEL staining was performed either with a commercial in situ cell death detection kit (Boehringer Mannheim, Indianapolis, IN) or by the terminal labeling of biotinylated dNTPs with the TdT enzymes (Life Technologies, Gaithersburg, MD) as described (Ben-Sasson et al., 1995) , followed with avidin-peroxidase reactions as described in the ABC kit (Vector Laboratories, Burlingame, CA).
Cortical and cerebellar cell cultures. Cortices from fetal brains (E15-E18) were dissected, treated with trypsin or papain, dissociated, and plated on coated glass coverslips, as previously described (Bonni et al., 1997) . Detailed protocol of cerebellar cultures has been reported (Datta et al., 1997) . At the time of plating, recombinant adenoviruses carrying the cre transgene were added into cultures at a multiplicity of infection (MOI) ratio of 10:1 (virus/cell). Cultures were harvested at different time points for Western and Southern blot analyses.
Immunoc ytochemistr y and whole-mount immunohistochemistr y. Cultured cells were fixed with 4% paraformaldehyde and permeabilized with Triton X-100. Monoclonal ␤-tubulin antibody (T uJ1) and polyclonal nestin antibodies [kindly provided by Drs. A. Frankf urter (Charlottesville, VA) and R. McKay (Bethesda, MD)] were applied and visualized with fluorescein-conjugated secondary antibodies. For whole-mount staining of the diaphragm the tissues were fixed with 2% paraformaldehyde overnight, blocked in 5% goat serum with 1% DMSO overnight, and then consecutively incubated with anti-neurofilament 150 (Chemicon, Temecula, CA) and FI TC -conjugated secondary antibodies. Rhodamine-conjugated ␣-bungarotoxin (Molecular Probes, Eugene, OR) was used to label postsynaptic AChR in the muscle. The preparations were observed on a Z eiss fluorescence scope.
Xist fluorescence in situ hybridization anal ysis. C ells were grown on glass coverslips, fixed in 4% paraformaldehyde, and stored in PBS. Hybridization, washing, and detection of probes have been described (Panning and Jaenisch, 1996) . Briefly, coverslips were extracted with cytoskeletal buffer containing 0.5% Triton X-100, dehydrated, and incubated with the nick translation probe at 37°C overnight. Slides were washed at 39°C for three times in 2ϫ SSC /50% formamide, three times in 2ϫ SSC, and twice in 1ϫ SSC for 5 min each. Biotinylated probes were detected in 2 mg /ml BSA /4ϫ SSC at 37°C for 30 min, using FI TC -avidin. Fluorescent images were captured either by a Nikon scope with Scanlytic system or on Kodak Ektachrome 1600 slide film with a Z eiss Axioskop.
Electrophysiolog y. Newborn mice were anesthetized with a light dose of sodium pentobarbital (Nembutal; 25-30 mg / kg, i.p.) (Paton et al., 1994) and were placed supine on a heating pad with the temperature regulated at ϳ38°C (C W E C -831 Temperature Controller). C entral respiratory activity was monitored by recording hypoglossal nerve discharge. A hypoglossal (X II) nerve (which innervates both the genioglossus muscle and tongue retractors) was isolated by blunt dissection with a ventral approach at the cervical level, cut distally, mounted on custom-made bipolar silver-wire electrodes, and kept in a warm mineral oil pool. Inspiratory-related efferent neuronal discharges of the hypoglossal nerve were amplified (C yberAmp 380, Axon Instruments, Foster C ity, CA), time-averaged with a leaky integrator (Paynter filter; time constant, 15 msec), and recorded (Thermal Array Recorder, Nihon Kohden, Tokyo, Japan). In some experiments small custom-made bipolar fish-hook electrodes were implanted into the diaphragm to record an electromyogram (EMG). Immediately after birth, small stainless steel electrodes were implanted subdermally on both sides of the chest to record an electrocardiograph (EKG). In some experiments the EKG was recorded in normal and mutant pups in utero with the mother under urethane anesthesia (1.2 gm / kg, i.p.).
RESULTS

In vitro survival of postmitotic neurons in the absence of Dnmt1
Previous studies have shown that Dnmt1 transcripts and proteins were highly expressed in the CNS during embryogenesis and in adulthood. A recent study further demonstrated that the enzyme is localized primarily in the cytoplasm of neurons (Inano et al., 2000) . To determine the role of Dnmt1 in postmitotic neurons, we used the cre/loxP system to delete the Dnmt1 gene conditionally (Fig. 1 A) . A conditional allele (referred to as Dnmt1 2lox ), in which exons 4 and 5 of the Dnmt1 gene are flanked by loxP sites, was generated via gene targeting in embryonic stem (ES) cells. Expression of cre-recombinase causes the deletion of exons 4 and 5, which results in a null allele of Dnmt1 (designated as a Dnmt 1lox allele; Jackson-Grusby et al., 2000) .
We first examined whether the Dnmt1 protein turns over in postmitotic cerebellar neurons. Dnmt1 protein was detected readily in dissociated cerebellar granule neurons from control Dnmt1 2lox/2lox animals by Western blot analysis (Fig. 1C) . In fact, levels of Dnmt1 in these cells were comparable with those in dividing embryonic fibroblasts (data not shown; see also Inano et al., 2000) . When cerebellar cultures containing Dnmt1 2lox/2lox cells were infected with adenoviruses carrying the cre transgene (adeno-cre), deletion of the Dnmt1 gene occurred in 60% of cultured cells within 24 hr (Fig. 1 B) . Gene deletion was completed at 100% efficiency within 3 d of adenovirus infection (Fig. 1 B) . In parallel to the time course of gene deletion, Dnmt1 protein levels were decreased significantly within 24 hr and virtually undetectable by the end of 3 d in culture (Fig. 1C) . No Dnmt1 proteins were detected by Western blot analysis in adeno-cre-infected neurons after 5-7 Figure 2 . Survival of cerebellar neurons in the absence of Dnmt1. P6 Dnmt1 2lox/2lox cerebellar dissociates were infected with adeno-cre at the beginning and were cultured for 2 weeks. These neuron-enriched cultures were double-stained with neuron-specific ␤-tubulin III (TuJ1) antibodies (red) to visualize extensive neurites and with DAPI (blue) to show the healthy neuronal nuclei. Scale bar, 45 m. d, using antibodies against either the N terminus (Fig. 1C ) or C terminus of Dnmt1 (data not shown). This result indicates that the enzyme undergoes a rapid turnover in postmitotic cerebellar neurons.
To determine the consequence of Dnmt1 deficiency on levels of DNA methylation and neuronal survival, we examined cultured cerebellar neurons with the Dnmt1 gene deletion for a period of 2 weeks. These neurons apparently survived well in the absence of Dnmt1 during the 2 weeks of the culture period. Immunostaining with neuron-specific ␤-tubulin antibody (TuJ1) indicated that the neurons were healthy, with extensive neurite outgrowth (Fig. 2) . Southern blot analysis indicated that the depletion of Dnmt1 did not change global DNA methylation (see Fig. 1 D) .
Conditional deletion of Dnmt1 in postmitotic CNS neurons in vivo
Although the above results showed that Dnmt1 is not essential for maintaining global DNA methylation and neuronal survival in vitro, it is unclear whether Dnmt1 is required for the survival of postmitotic neurons in vivo. We therefore crossed the Dnmt1 2lox allele with a strain of CamK-cre (line 93) transgenic mice that express cre in postmitotic neurons from the perinatal stage. CamK-cre-mediated gene deletion in CNS neurons was confirmed first by a lacZ reporter gene (Akagi et al., 1997) . Gene deletion was detected in a small number of forebrain neurons perinatally and reached the peak level after 3 weeks postnatally (data not shown). As shown in Figure 3A -D, in 3-week-old transgenic mice CamK-cre-mediated gene deletion was widespread in the forebrain, including the cortex, hippocampus, and striatum, but virtually absent in the cerebellum (except in a few scattered Purkinje cells). The blue cells were morphologically CNS neurons, confirming the neuronal specificity of the CamK-cre transgene. The spatial and temporal distribution pattern of the lacZ-positive cells in the CamK-cre;lacZ reporter transgenic mice was well confirmed by Southern blot analysis of the efficiency of Dnmt1 gene deletion in various brain regions of CamK-cre;Dnmt1 conditional mutants, suggesting that CamK-cre-mediated Dnmt1 gene deletion occurs in a similar pattern as observed with the lacZ reporter gene. Conditional Dnmt1 mutants were recovered at the expected Mendelian ratio, indicating that Dnmt1 deficiency in postmitotic CNS neurons did not affect animal viability. Southern blot analysis showed that Dnmt1-deficient neurons were present in adult mutant brains at all of the stages that were examined, ranging from 3 to12 weeks, 8 months (Fig. 3E) , and up to 17 months of age, which is the last time point that was analyzed (data not shown). The efficiency of gene deletion in the cortex of conditional mutant mice was similar to that in control conditional heterozygous mice (both at ϳ50%; see Fig. 3E ). In addition, the percentage of Dnmt1-deficient neurons in most brain regions, except the olfactory bulb, was constant during postnatal life (Fig. 3E) , suggesting that Dnmt1 deficiency in postmitotic neurons was not detrimental to long-term neuronal survival.
The long-term presence of Dnmt1-deficient neurons in CamKcre;Dnmt1 conditional mutants allowed us to examine whether global DNA methylation would change in vivo over a time course of months. Southern blot analysis of DNA methylation of endogenous retroviral repeats [IAP and Moloney murine leukemia virus (MMLV)] did not show any obvious demethylation in mutant neurons that had lacked Dnmt1 for 8 months (Fig. 3F ). These data indicated that Dnmt1 is not essential for maintaining global DNA methylation in postmitotic neurons in vivo.
Dnmt1 deficiency in CNS precursor cells in vivo causes global DNA hypomethylation and neonatal death of mutant animals
We next examined the consequence of the Dnmt1 gene deletion in CNS precursor cells in vivo. For this, we crossed Dnmt1 2lox females with male mice carrying a nestin promoter-driven cre transgene that is activated in CNS precursor cells at E9 -E10 and results in almost complete gene deletion by midgestation (Bates et al., 1999; Trumpp et al., 1999) .
Mutant mice were obtained at the expected Mendelian frequency at all of the embryonic stages that were examined (E10.5-E19.5) but were never recovered postnatally. Careful observation of mutant mice delivered either naturally or by Cesarean section at E18.5-E19.5 revealed that neonatal mutant mice died within 1 hr 2lox/C mutant animals (2lox/C). Note that the wild-type (WT ) and null C-alleles were detected at the same size in this blot. The genotypes of wild-type and C-alleles were ascertained by the absence and presence of the neomycin gene in the Dnmt1 locus. F, Methylation analysis in cortex DNAs. IAP, Intra-cisternal A particle retrovirus; MMLV, Moloney murine leukemia virus.
of birth because of respiratory failure (see below). Southern blot analysis of E19.5 mutant embryos showed that the cre-mediated gene deletion of Dnmt1 had occurred in ϳ95% of the cells in the CNS (Fig. 4 A) , in agreement with previous observations (Bates et al., 1999) . Moderate gene deletion (Ͻ30%) was observed in muscles and kidney, and a low frequency of gene deletion was seen in lung, heart, and liver (Fig. 4 B) . Cre-mediated Dnmt1 deletion was already detectable at E10.5 (data not shown) and was complete at E12.5 in the brain (Fig. 4 B) . Importantly, the proportion of brain cells carrying the Dnmt1 gene deletion remained constant throughout later stages of embryonic development (Fig. 4 B) , suggesting that Dnmt1-deficient cells survived throughout embryogenesis. Western blot analysis showed that levels of Dnmt1 proteins were decreased greatly at E12.5 and were undetectable at E15.5 (Fig.  4C) , suggesting that the enzyme turned over rapidly after gene deletion. It is worth noting that neurogenesis is the major event in the brain during embryonic development, and gliogenesis in the CNS mainly occurs postnatally Mission et al., 1991; Caviness et al., 1995) . Thus, the majority of Dnmt1-deficient brain cells in conditional mutant embryos is expected to be postmitotic CNS neurons.
To assess the effect of Dnmt1 deficiency on genomic methylation, we digested brain DNA with the methylation-sensitive enzyme HpaII and probed the Southern blots with a centromeric minor satellite repeat probe (Fig. 5A) or an IAP DNA fragment (Fig. 5B) . These probes detect multiple copies of repeated DNA sequences that are highly methylated in wild-type mice. As indicated by the low-molecular-weight fragments in Figure 5 , A and B, there was substantial demethylation in the brain of mutant embryos at E12.5 or older because of the deletion of the Dnmt1 gene. We also detected methylation changes in single-copy genes. As shown in Figure 5C , significant demethylation was observed at several methylation sites surrounding the coding exon of the bdnf gene. From the densitometry analysis the proportion of demethylated DNA fragments was estimated to be ϳ30 -40%. Although substantial DNA hypomethylation occurred in mutant brains from E12 on, CNS development seemed to proceed normally. A histological survey of mutant embryos at different embryonic stages did not show any obvious defect in the brain structure. Mutant brains at E15.5 also did not show any obvious increase in cell death as assessed by TUNEL staining (data not shown).
To assess the effect of DNA hypomethylation in vitro, we examined the survival and differentiation of mutant cortical neurons in dissociated cell culture at E15.5. Mutant and control cortical cells were cultured for 24 or 96 hr. After 1 d in culture ϳ80% of the cells were postmitotic neurons expressing neuronal-specific ␤-tubulin, and the remaining 20% of the cells were precursor cells expressing the nestin intermediate filament marker that predominantly differentiated into glial-like cells in our culture conditions (Fig. 6 A,B) . After 4 d in culture the composition of both the wild-type and mutant cultures had changed to ϳ50% neurons and 50% glial-like cells because of active proliferation and differentiation of precursor cells and decreased survival of neuronal cells (Fig. 6C,D) . Analysis of global DNA methylation confirmed that cultured cells remained (2lox) alleles indicated a recombination efficiency of ϳ95% in the brain. Approximately 10 -30% recombination was detected in intestine, limb, cranial muscles, and kidney. Only very minor amounts (Ͻ5%) of recombination were detected in lung, heart, and liver. B, Dnmt1 gene deletion in E12.5-E18.5 brain tissues. DNA samples were collected from embryos carrying a paternally derived nestin-cre transgene and Dnmt1 alleles as indicated (heterozygous control, 2lox/ϩ; mutant, 2lox/2lox or 2lox/N ). PhosphorImager analysis showed that ϳ95% of the Dnmt1 2lox allele was recombined into the null Dnmt1 1lox allele in the brain from E12.5 to E18.5. C, Western blot analysis of Dnmt1 proteins in control and mutant brain tissues. Brain extracts from E12.5, E15.5, and E18.5 embryos were probed with a specific antibody against the N terminus of the Dnmt1 protein. A duplicate gel was stained with Coomassie blue as a loading control. Note that the E18.5 control sample was from a Dnmt1 2lox/N embryo, which showed a reduced level of Dnmt1 proteins as compared with Dnmt1 2lox/2lox control samples at E12.5 and E15.5. con, Control samples; mut, mutant samples. hypomethylated throughout the culture period (Fig. 6 E) . No difference was found in neuronal survival between the mutant and control cortical cells after either 24 or 96 hr in culture, indicating that Dnmt1 deficiency and DNA hypomethylation did not affect neuronal survival in vitro at this embryonic stage (Fig. 6 A-D) . Our results are consistent with the notion that genomic hypomethylation has no detectable effect on the survival of embryonic cortical neurons.
We also examined DNA hypomethylation at individual cell levels by using dissociated cortical cultures. It has been shown that the Xist gene on the active X chromosome is silenced by methylation at the time of X inactivation but is activated by demethylation, leading to ectopic X inactivation (Beard et al., 1995; Panning and Jaenisch, 1996) . In female cells Xist mRNA is expressed from and associated with the inactive X in every cell. Fluorescence in situ hybridization (FISH) analysis showed that a strong Xist mRNA signal was detected in all of the neurons explanted from the brain of E15.5 control females, but not from control male embryos (Fig. 7) . In contrast, a strong Xist mRNA signal, similar to the one seen in the control female cells, was seen in a portion of neurons explanted from mutant male embryos (Fig. 7, third panel ) . Quantification of Xist-expressing cells showed that ectopic Xist activation occurred in 4 -8% of mutant cells explanted at E15.5 and E19.5 that had been cultured for 1-7 d (Table 1) .
Dnmt1 deficiency and DNA hypomethylation result in defects in neuronal respiratory control
To assess the possible cause of lethality in neonatal mutant mice that lack Dnmt1 in the brain, we examined E18.5 and E19.5 mutant mice delivered by Cesarean section. In contrast to the control mice that survived after the Cesarean section, all mutant mice died within 1 hr of delivery. Although mutant mice occasionally gasped, they did not initiate coordinated rhythmic breathing. Postmortem examination showed that their lungs failed to inflate, confirming respiratory failure (data not shown).
Multiple causes could lead to respiratory failure, including a defect in neural rhythmogenesis or motor output of the respiratory pattern generator, occlusion of the respiratory tract, delay in lung development, or abnormalities secondary to the failure of the cardiovascular or other vital systems. We first examined the behavior of mutant fetuses within the uterus. Mutant mice in utero had normal body movement, either spontaneous or in response to mechanical stimuli such as a pinch, suggesting that they had a normal sensorimotor reflex. We also monitored EKGs of the heart in utero and found a normal heart rate in mutant mice (control, 356/min; mutant, 346 -364/min) . This suggests that respiratory failure in mutant animals was not caused by malfunction of the cardiovascular system. At the light microscope level the morphology of various lung cells in conditional mutant animals appeared normal (data not shown). This is consistent with the observation that little of Dnmt1 gene deletion was observed in the lung (see Fig. 4 A) . Similarly, histological examination did not show any obvious abnormalities in respiratory muscle groups, including the intercostal and diaphragm muscles. In addition, diaphragm muscles were innervated normally by the respiratory phrenic nerve originating from the cervical spinal cord (data not shown). These observations suggest that the respiratory failure in the mutant was not caused by abnormalities of the peripheral respiratory system.
To investigate whether the respiratory failure in the Dnmt1 mutants was caused by a defect in the neural control of respiration Figure 1C were used for the methylation assay. DNA was digested with methyl-sensitive enzyme HpaII or methyl-insensitive enzyme MspI (-CCGG-) and was hybridized with a centromeric minor repeat probe ( A) or an IAP probe ( B). The appearance of smallmolecular-weight DNA fragments indicates demethylation at the CpG sites of centromeric repeats or IAP retroviruses in the genome. con, Nestin-cre;Dnmt1 ϩ/2lox ; mut, Nestin-cre;Dnmt1 2lox/2lox or 2lox/N ; Ϫ/Ϫ ES cells, Demethylated DNA samples from Dnmt1 null embryonic stem cells . C, Brain DNA from E18.5 embryos was digested with SacI and HpaII enzymes and the probe with a 750 bp BDNF cDNA.
in the CNS, we monitored the neuronal activity of the 12th cranial hypoglossal nerve and performed a diaphragmatic electromyogram in E18.5 and E19.5 mice delivered by Cesarean section. It is known that the majority of hypoglossal neuronal discharges is inspiratory, with a bursting period similar to that of phrenic nerve activity. Indeed, many hypoglossal motor neurons receive innervations from premotor inspiratory neurons located within the respiratory pattern generator in the ventrolateral medulla (Withington-Wray et al., 1988; Ono et al., 1994 ) (for review, see St. John, 1998) . Figure 8 A shows that the hypoglossal nerve activity in normal mice displayed a rhythmic but gasping-like pattern ϳ5 min after birth (frequency, 12/min), which was converted to an eupneic pattern with increased respiratory frequency (50/min) and heart rate (260/min) within 10 -20 min. In contrast, mutant mice at birth produced only sporadic gasping activity, which never developed into an eupneic pattern (Fig. 8 A) . Although occasionally showing arrhythmia, the initial heartbeat rate in mutant mice was close to that of control animals immediately after birth. Some 20 -30 min after delivery, however, the heartbeat of mutant mice became increasingly irregular and sporadic (ϳ30/min), and the animals died shortly thereafter.
The ability of the mutant mice to produce gasping activity in the hypoglossal nerve and diaphragm suggests that their respiratory motor efferent pathway was functional. Histological examination showed that the hypoglossal motor nucleus in the brainstem of mutant mice was intact (Fig. 8 B) . It is possible that a defect in the neural control of respiration may result from disrupted respiratory rhythmogenesis or neurotransmission in the Dnmt1-deficient brain.
DNA hypomethylation results in rapid cell death in the postnatal brain
The observations described so far suggest that Dnmt1 deletion and subsequent hypomethylation did not affect the survival of neuronal cells in the prenatal brain, although mutant animals died immediately after delivery. We were interested in investigating the fate of brain cells in postnatal mutant animals. In the experiments described above, Dnmt1 had been deleted in ϳ95% of brain cells (see Fig. 4 A,B) by expression of the cre recombinase from a paternally transmitted nestin-cre transgene crossed with females carrying the Dnmt1 2lox target allele. However, when the nestin-cre transgene was transmitted maternally and the Dnmt1 2lox target allele was derived paternally, the recombination frequency was only 30% instead of 95% in the adult brain, indicating that the cre transgene was imprinted and the expression level was dependent on parental origin (compare Figs. 9A  and 4 A,B) . The fraction of brain cells that performed the cremediated recombination was already ϳ30% at E12 with maternal nestin-cre transmission, and this fraction did not increase during later development. This was shown by crossing females carrying Figure 6 . Survival of hypomethylated cortical neurons in vitro. A-D, E15.5 cortical cells from control animals (con, Dnmt 2lox/2lox in A and C) and Nestin-cre;Dnmt1 2lox/2lox mutants (mut, in B and D) after 24 or 96 hr in culture. Cultured cells were double-stained with a monoclonal TuJ1 antibody against neuronal-specific ␤-tubulin III ( green) and a polyclonal antibody against nestin intermediate filaments for precursor cells (red). Note that in 24 hr cultures ϳ80% of cells were postmitotic neurons. In 96 hr cultures the neurons and glial-like cells (nestin-positive) were ϳ50% each, and no difference in these ratios was observed between control and mutant cultures. Scale bar, 60 m. E, DNA hypomethylation in cultured E15.5 cortical cells. DNAs from cortical cells cultured for 24 or 96 hr were assayed for global demethylation by probing with IAP retroelements. Demethylated IAP DNA fragments were detected readily in the mutant cultures. con, Control Dnmt 2lox/2lox cultures; mut, conditional knock-out cultures. Xist FISH analysis was performed as described in Materials and Methods. Xist RNA expression (red dots in DAPI-stained blue nuclei) was detected in a portion (4 -8%) of male mutant cells in 1-d-old E15.5 cortical neuronal cultures (also see Table 1 ). A few mutant cells also express the Xist transcripts in distributed granules within the cells (third panel ), characteristic of cells in the early G 1 phase of cell cycle (Clemson et al., 1996) . con, Control embryos (Dnmt1 2lox/2lox ); mut, conditional mutant embryos. Scale bar, 7 m. the nestin-cre transgene with males carrying a lacZ reporter gene (the Rosa26 reporter; Soriano, 1999) , which resulted in ϳ30% lacZ-positive cells in the brains of E12, newborn, and adult animals (data not shown). To determine the fraction of Dnmt1 mutant cells in animals carrying a maternally derived nestin-cre transgene and a paternally derived Dnmt1 2lox allele, we performed Southern blot analyses with E12 and newborn brain tissues. Loop-out frequency was ϳ30% at E12 (Fig. 9B, lane 1) and at birth (Fig. 9A,B) , indicating that the fraction of mutant cells did not change during embryonic development. Thus, mutant mice carrying the maternally derived nestin-cre transgene had a mosaic brain in which ) and ) cells coexisted and Dnmt1-deficient cells were not selected against during the embryonic stages of development.
Because newborn mutants with a maternally transmitted cre transgene were born alive and normal, we examined whether Dnmt1-deficient neurons survived postnatally. To assess the survival of Dnmt1-deficient cells, we performed Southern blot analyses to determine the percentage of mutant cells in brain tissues at different postnatal stages. Figure 9B shows that the fraction of brain cells with cre-mediated Dnmt1 deletion in heterozygous mice (Dnmt1 ϩ/2lox carrying the maternally derived nestin-cre transgene) remained constant during the first 3 weeks of postnatal development. In contrast, the frequency of cre-mediated Dnmt1 deletion in mutant mice was initially 30% at the newborn stage but decreased significantly by P14. At 3 weeks of age Dnmt1-deficient cells were not detectable by Southern blot analysis in either the cerebellum or cortex (Fig. 9B) or other brain regions (data not shown). These results indicate that Dnmt1-deficient neurons were eliminated from the postnatal brain, in contrast to the prenatal brain in which hypomethylation has no apparent effect on cell survival.
DISCUSSION
Previous work had established that Dnmt1 is highly expressed in embryonic and postnatal neurons of the brain (Goto et al., 1994 ; Figure 8 . Lack of respiratory drive in the 12th cranial nerve. A, Electrophysiological recordings of descending respiratory discharge from hypoglossal nerve. Control (con, Dnmt1 2lox/2lox ) and conditional mutant mice were dissected from the uterus at E18.5 and E19.5 and immediately prepared for 12th nerve recording as described in the Materials and Methods. Only occasional spontaneous gasping was observed in mutant mice. The gasping discharge also could be induced occasionally by tail pinching of mutant mice when an initial recording did not show any spontaneous signals. Similar results were obtained with six control and five mutant mice. Insets for each trace are EKG recordings obtained with subcutaneous electrodes (the EKG in the second control trace was derived from the diaphragmatic EMG recording). B, Normal morphology of hypoglossal motor neurons in the brainstem. E18.5 control (CON ) and mutant embryos were fixed with 10% formalin and processed for paraffin histology. Brain sections were stained with cresyl violet. No obvious morphological difference was observed between control and mutant hypoglossal motor nuclei. Scale bar, 37.5 m. . However, only a very small number of cells (4 -6%) carrying the Dnmt1 deletion was detected in the cortex (CX ) and cerebellum (CB) in 2-week-old (P14 ) mutant mice. By P21, Dnmt1-deficient cells were not detectable by Southern blot analysis in the cortex, cerebellum, or other regions of the brain (data not shown). mutant, Mutant mice with the Nestin-cre;Dnmt1 2lox/N genotype. con, Control samples from Nestin-cre;Dnmt1 ϩ/2lox mice, which showed constant levels of the Dnmt1 deletion at P1 and P21. Brooks et al., 1996; Trasler et al., 1996; Inano et al., 2000) . This finding was surprising, given that the known function of Dnmt1 is to maintain the parental methylation pattern of the daughter DNA strands in mitotic cells. Dnmt1 is, therefore, highly expressed during S-phase in mitotic cells but is downregulated in resting cells (Szyf et al., 1991) . Because deletion of Dnmt1 from the germline causes apoptosis and early embryonic lethality (Li et al., 1992) , this mutant line was not useful for studying the possible function of DNA methylation in brain development. As a first approach to assessing the role of methylation during brain development and postnatal life, we generated a Dnmt1 conditional allele that can be deleted at postmitotic CNS neurons or E12 CNS precursor cells. Although Dnmt1 is not essential for maintaining global DNA methylation in postmitotic neurons, the enzyme is required for the methylation of mitotic precursor cells and their daughter cells. Hypomethylated CNS cells survived through the late stages of embryogenesis but died postnatally. In addition, hypomethylation in the brain leads to abnormal neural control of respiration at birth. These findings indicated that DNA methylation is crucial for the function and survival of postnatal CNS neurons.
When Dnmt1 gene deletion is mediated by the nestin-cre transgene, Dnmt1 deficiency occurred in the brain at E12.5, a stage when neurogenesis is still actively ongoing Cepko et al., 1990) . This suggests that precursor cells in the embryonic mutant brain are able to generate mature neurons (and non-neuronal cells) in the absence of Dnmt1. The mutant cells and their mitotic descendants survive for at least another 7 d until birth, as supported by both in vivo and in vitro evidence. Indeed, the fraction of Dnmt1-deficient cells, either 95% or 30%, depending on the parental origin of the nestin-cre transgene, remained constant in the mutant brain from E12.5 to the newborn stage. Histological examination of mutant fetal brains did not show any obvious increase in the number of pyknotic nuclei and TUNEL-positive cells, suggesting that DNA hypomethylation did not increase the rate of neuronal cell death in vivo. These observations argue that DNA hypomethylation did not confer a selective disadvantage on the survival of the hypomethylated embryonic neurons in vivo. Likewise, the in vitro survival of embryonic cortical neurons explanted from mutant brains was indistinguishable from that of controls. Nevertheless, we cannot exclude the possibility that, in the mutant brain, a small fraction of Dnmt1-deficient cells may undergo rapid turnover that is below our detection level.
In contrast to the significant demethylation observed in the CNS neurons of Nestin-cre;Dnmt1 mutants, Dnmt1-deficient neurons in CamK-cre;Dnmt1 conditional mutants were long-lived and did not show any significant demethylation in the highly methylated DNA repeats. The difference in DNA methylation between Nestin-cre;Dnmt1 and CamK-cre;Dnmt1 mutant cells could be attributable simply to the fact that only Dnmt1-deficient cells in Nestin-cre;Dnmt1 conditional mutants undergo mitosis that results in passive DNA demethylation. The stable DNA methylation pattern in Dnmt1-deficient neurons of CamK-cre;Dnmt1 conditional mutants is not surprising, because there is no direct evidence that DNA methylation undergoes any dynamic turnover in normal adult neuronal cells.
The survival of hypomethylated embryonic CNS neurons in Nestin-cre;Dnmt1 conditional knock-outs is in apparent contrast to the extensive apoptosis observed in the brain of the Dnmt1 mutant embryos just after gastrulation (Li et al., 1992) . We consider the following mutually nonexclusive possibilities: (1) DNA hypomethylation in the Dnmt1 conditional neuronal cells may be less extensive than in the rapidly dividing non-neuronal cells of the gastrulating mutant embryos. For example, in Dnmt1 homozygous mutant male embryos ectopic Xist gene activation was seen in ϳ15% of the cells (Panning and Jaenisch, 1996) , whereas only 4 -8% of brain cells showed ectopic Xist transcription after cre-mediated Dnmt1 deletion, perhaps reflecting a less severe genomic demethylation in the neurons as compared with somatic cells of the postgastrulation Dnmt1 null embryo. To reach a critical level of hypomethylation, cells have to undergo several rounds of DNA replication after the deletion of Dnmt. It is possible that the number of cell divisions that separate postmitotic neurons from their precursor cells (where the cre-mediated Dnmt1 deletion occurs at E9.5-E12) is limited, resulting in less pronounced genomic demethylation in Dnmt1-deficient neurons than in the cells of Dnmt1 Ϫ /Ϫ embryos at the postgastrulation stage. This may lead to less ectopic Xist activation and less pronounced apoptosis. (2) Dnmt3a and 3b are known to be expressed in the developing brain (Okano et al., 1998) , and these enzymes may compensate for the loss of Dnmt1 function in mutant neurons. (3) Finally, it is possible that prenatal neurons are intrinsically more resistant to the consequences of genomic DNA demethylation than the cells of the postgastrulation embryo.
As an epigenetic factor, DNA methylation patterns may be subject to active regulation in the nervous system in response to particular stimuli. Endres et al. (2000) recently demonstrated that levels of DNA methylation activity in the brain actually are increased with ischemic injury, and this increase is partly dependent on Dnmt1 activity. Blocking Dnmt1 activities, either genetically or pharmacologically, is protective to the injured neurons, suggesting that a balance of DNA methylation levels is important for neuronal survival (Endres et al., 2000) . Brooks et al. (1996) suggested that Dnmt1 expression in postmitotic neurons may serve to maintain DNA methylation after base-excision repair of the G:T mismatch that can occur with deamination of the methylated cytosine. Recently, Inano et al. (2000) demonstrated that Dnmt1 protein in adult CNS neurons is localized primarily in the cytoplasm, raising the possibility that Dnmt1 may play a novel function other than DNA methylation in these cells. Fuks et al. (2000) demonstrated that Dnmt1 itself contains a transcription repression domain that directly recruits histone deacetylases, suggesting an active role for Dnmt1 in chromatin remodeling. Furthermore, Dnmt1 is an active component of several repressive transcriptional complexes that can directly target transcriptional silencing to particular classes of genes or during the S-phase of the cell cycle Rountree et al., 2000) . These findings certainly provide us with the clues to look further into the molecular and cellular changes in Dnmt1-deficient neurons in Nestin-cre;Dnmt1 and CamK-cre;Dnmt1 conditional mutants.
The lethality of Nestin-cre;Dnmt1 mutant animals appears to be caused by respiratory failure. These mutant animals never initiated breathing and showed highly impaired spontaneous neuronal activity recorded from the 12th cranial nerve. The neural mechanism underlying this defect is still unclear. It is possible that genomic hypomethylation alters the expression pattern of genes that are involved either directly or indirectly in respiratory control and thus interferes with the initiation of normal breathing. It is of interest to note that mutations of a methyl-binding protein MECP2 have been associated with the neurodevelopmental disease Rett syndrome (Amir et al., 1999) in which the patients often exhibit respiration irregularities in addition to behavioral defects and mental retardation (Kerr, 1992; Naidu, 1997; Armstrong et al., 1999) . Because a major function of the MECP2 protein is to mediate methylation-induced gene silencing, it is possible that the phenotype of DNA hypomethylation in the postnatal brain may overlap partially with what is observed in MECP2 deficiency. Understanding the role of DNA methylation in brain development and function at the molecular level also may shed light on the disease mechanisms in Rett syndrome.
